The effects of low temperature and the RM3 dwarfing gene on the dynamics of cell extension in leaf 2 of wheat were examined in relation to gibberellin (GA) content and GA-responsiveness of the extension zone. Leaf 2 of wild-type (rht3) wheat closely resembled that of the Rht3 dwarf mutant when seedlings were grown at 10 C. The maximum relative elemental growth rate (REGR) within the extension zone in both genotypes was lower at 10C than at 20 C, but the position with respect to the leaf base was unaffected by temperature. The size of the extension zone and epidermal cell lengths were similar in both genotypes at 10°C. Growth at 20 °C, instead of 10C, increased the length of the extension zone beyond the point of maximum REGR in the wild type, but not in the Rht3 mutant. Increasing temperature resulted in longer epidermal cells in the wild type. Treating wild-type plants at 10 °C with gibberellic acid (GA 3 ) also increased the length of the extension zone, but the Rht3 mutant was GA-nonresponsive. However, the concentrations of endogenous GA, and GA 3 remained similar across the extension zone of wild-type plants grown at both temperatures, despite large differences in leaf growth rates. The period of accelerating REGR as cells enter the extension zone, and the maximum REGR attained, are apparently not affected by GA. It is proposed that GA functions as a stimulus for continued cell extension by preventing cell maturation in the region beyond maximum REGR and that low temperature increases the sensitivity threshold for GA action.
Introduction
The Rht dwarfing genes in wheat result in reduced shoot height and greater grain yields compared with tall genotypes (Gale and Youssefian, 1985) . An example of extreme expression is shown by the Rht3 allele which, although being too severe in its effects for general commercial use is, for this same reason, very useful for research purposes. Although the effect of the Rht genes is seen most obviously as a reduction in shoot height, the genes are expressed throughout the vegetative plant, in coleoptiles and leaves, as well as stem internodes (Gale and Youssefian, 1985) . Because of their convenience for observation and measurement, young wheat seedlings, and especially their leaves, have therefore proved a useful model system to examine Rht3 gene action, GA 3 -responsiveness and the effects of temperature on leaf extension (Stoddart and Lloyd, 1986; Pinthus et al., 1989; Tonkinson et al., 1995) .
The effects of the Rht3 dwarfing gene can be mimicked by the application of paclobutrazol (an inhibitor of GA synthesis) to the tall, wild-type (rht3) line (Lenton et al, 1994; Tonkinson et al., 1995) , or by lowering the temperature and growing the plants at 10 C C, when genotypically tall (rht3) and dwarf (Rht3) plants then grow and look similar (Pinthus et al., 1989; Appleford and Lenton, 1991) . The Rht3 dwarf plants are generally insensitive to GAs, but they may exhibit slight GA-responsiveness at cool temperatures or when pretreated with paclobutrazol at warm temperatures. In contrast, wild-type (rht3) plants are equally responsive, in terms of absolute growth increment, to saturating doses of GA in the temperature rangethreshold temperature at which leaf growth ceases and, consequently, enhance growth at lower temperatures (Stoddart and Lloyd, 1986) . In wild-type wheat, leaf growth rates were positively related to increasing GA concentration although the response saturated at lower GA concentration when plants were grown at warmer temperatures. In longer term experiments, irreversible extensibility of immature leaf segments declined with increasing Rht gene dosage, and wall extensibility in the extension zone of wild-type seedlings was increased by applied GA 3 and decreased by a GA-biosynthesis inhibitor (Keyes et al., 1990) .
In general, the overall rate of extension of leaves of the Gramineae is dependent primarily on the temperature of the extension zone situated at the base of the leaf (reviewed in Pollock and Eagles, 1988) . In addition, there is good evidence to show that the rapidity of the growth response to changing temperature is the result of a direct effect on the Theological properties of expanding cell walls rather than via changes in cell turgor or assimilate status (Thomas et al., 1989; Pollock et al., 1990) . As expected, therefore, the rate of leaf extension of wild-type wheat was faster with increasing temperature up to 30 °C, whereas the rate of expansion of a Rht3 (dwarf) line was much reduced at temperatures above 15°C (Stoddart and Lloyd, 1986 ). The differences in leaf growth rates between these genotypes grown at 20 °C, and treatments that affected the GA status of the wild type, could be accounted for by differences in time taken from the attainment of maximum relative elemental growth rates (REGR) to the cessation of cell extension (Tonkinson et al., 1995) .
Following the approaches adopted previously for examining the role of GAs in the growth of cultured roots of tomato (Lycopersicon esculentum Mill.) (Barlow et al., 1991) and the dynamics of cell extension in the leaves of tall fescue (Festuca arundinacea Sereb.) (Schnyder et al., 1987) , ryegrass {Lolium perenne L.) (Schnyder et al., 1990) and wheat (Triticum aestivum L.) (Tonkinson et al., 1995) , the basis for the effects of temperature have been examined in conjunction with the application of growth regulators on the dynamics of leaf extension in near-isogenic wheat lines in order to try to understand better the action of the Rht3 dwarfing gene at the cellular level. Endogenous GAs in the extension zones of leaves grown under different conditions have also been measured to see whether there are correlations between amounts of particular GAs and degrees of cell extension.
Materials and methods

Plant material and growth conditions
Near-isogenic seed lines of winter wheat (Triticum aestivum cv. Mans Huntsman) were generously supplied by Dr MD Gale, John Innes Centre for Plant Science Research. Norwich. The lines were homozygous for the rht3 wild type and the Rht3 dwarfing mutant alleles. Seedlings were grown as described previously (Tonkinson et al., 1995) except for those grown at 10 °C which were treated with growth regulators on days 4 and 10 and nutrients on days 12 and 20.
Leaf growth
For seedlings grown at 20 °C samples were taken daily for 10 d starting 5 d after sowing, and for seedlings grown at 10°C, on 10 occasions between days 10-30. Each sample consisted of 27 plants. Growth parameters and the length of the extension zone of leaf 2 (L2) were measured exactly as described previously (Tonkinson et a!., 1995) . Growth of L2 was described using logistic curves fitted with the Genstat 5 statistical package. For determination of the length of the extension zone, seedlings at 20 °C were left for 5h and those at 10 °C for 10 h, before measurement of the distances by which the small holes pricked in L2 had become separated during this time. The length of the extension zone was calculated as the sum of the original lengths of all the 2 mm segments which had extended over the test period. Pin marks within the basal meristem were not included in the calculation as they did not separate measurably over the growth period.
Relative elemental growth rate (REGR) and leaf cell number, cell length and cell width, were all measured as described previously, and growth parameters and REGR values were derived by fitting appropriate curves (Tonkinson et al., 1995) . Since comparisons between temperatures lack true replication of controlled environment rooms, only obvious differences have been mentioned in the text.
Measurements of gibberellins (GAs) and abscisic acid (ABA)
To determine the effect of paclobutrazol on GA content of the extension zone of leaf 2, wild-type (rht3) seeds were planted, groove down on to John Innes No. 1 potting compost in trays (210 x 150x45 deep; 100 seeds per tray) and covered with a layer of vermiculite. Trays were watered and transferred to a growth room at 20°C and 16 h daylength (220/imol m" 2 s" 1 PAR). On days 2 and 5, trays were treated with solutions of 25,35-paclobutrazol (100 ml per tray; 5 trays per treatment) as a soil drench. Treatments (0, 0.1, 0.3, 1.0, 3.0 f»M paclobutrazol) were randomized within blocks in the growth room. On day 9, vermiculite was washed from the surface of the trays and shoots with L2 in the range 120-150 mm, depending on treatment, excised at the point of attachment to the grain. The coleoptile and leaf 1 were removed and a lower segment of L2, corresponding to the extension zone, was excised and plunged directly into liquid N 2 before weighing and transfer to methanol at -25 °C. Each sample consisted of 155-195 segments with a total fresh weight of 3.92-5.52 g. Untreated seedlings of both the wild type (rht3) and dwarf (Rht3) mutant (10 trays per genotype) were grown as described above, but with a photon flux density of 265 /tmol m" 2 s" 1 . and the extension zones of leaf 2 were harvested on day 9. The range of lengths of the sampled leaves was 120-140 mm and 80-90 mm for wild type and dwarf mutant, respectively. The total fresh weight of segments used for GA analysis was 5.3-6.3 g. Another batch of plants was grown in an adjacent growth room at 10°C, at the same photon flux density, and the extension zones of leaf 2 were harvested on day 18. The range of lengths of the sampled leaves was 85-95 mm and 75-85 mm for the wild type and dwarf mutant, respectively. The total fresh weight of segments used for GA analysis was 4.2-5.6 g. In a final experiment, untreated seedlings of the wild type (rht3) were grown at both temperatures (24 trays per treatment) and the lower part of leaf 2 was subdivided into three 10 mm segments on the appropriate harvest days. The range of lengths of the sampled leaves was 70-90 mm and 120-150 mm at 10°C and 20 °C, respectively. The total fresh weight of segments used for hormone analysis was 5.7-8.1 g.
The extraction, purification and quantitative analysis of GAs and ABA by combined gas chromatography-mass spectrometry (GC-MS) followed the detailed methods of Croker el al. (1990) . Appleford and Lenton (1991) , and Lenton el al. (1994) . Briefly, tissues were extracted thoroughly with methanol, deuteriumlabelled internal standards were added in amounts similar to the endogenous compounds (as determined in preliminary experiments) and small amounts of tritiated GAs and ABA were added to locate appropriate compounds following resolution by high performance liquid chromatography (HPLC). The ethyl acetate-soluble acids were subjected to anion exchange chromatography and reverse-phase HPLC. Following derivatization, samples were analysed by GC-selected ion monitoring (GC-SIM) and amounts of endogenous compounds determined by calibration curves produced by mixing internal standards and unlabelled compounds in known ratios. The data presented for the hormone analysis were based on a single replicate with the analyte: internal standard ratio well within the statistical range of the calibration curves.
Results
Leaf growth
When rht3 wild-type plants were grown at 10 °C, compared with 20 °C (Table 1) , leaf length and surface area were significantly reduced and they came to resemble more closely the Rht3 mutant also grown at 10 C C (Fig. 1) . The leaves of the rht3 wild type were similar to those of the Rht3 mutant-shorter, darker green and more deeply ridged. For the Rht3 mutant plants, there was no change in leaf length and only a slight decrease in surface area when plants were grown at 10°C instead of 20 °C (Table 1) . However, for both genotypes at 10°C the duration of linear growth and DM accumulation was approximately twice that at 20 °C, and the maximum rates of growth were about half those at 20 °C (Table 1) . Leaf dry mass in both genotypes was increased by about 40% at 10°C so that specific leaf areas were 13.5xl0 3 mm 2 g" 1 and 16.6xl0 3 mm 2 g" 1 in the rh(3 and Rht3 genotypes, respectively, about half of the corresponding values at 20 °C (Tonkinson et al., 1995) . Despite these similarities, the final length and surface area of L2 at 10°C, compared to 20 °C, were reduced to a greater extent in the rht3 wild type than in the Rht3 mutant. This apparent paradox is resolved when the growth at the cellular level is compared.
A comparison of growth at 10°C and 20 °C showed that the major effect of reducing the growth temperature in both genotypes was to decrease significantly, by about 60%, the maximum REGR reached within the extension zone (Fig. 2) . There was no significant change in the position within the extension zone at which the maximum REGR was reached, being 9-10 mm from the leaf base in all cases. However, in the wild type, growth at 10°C compared to 20 °C resulted in a shortening of the extension zone because of a decrease in the region in which REGR was declining, so that at 10 °C the length of the extension zone was similar in size to that of the Rht3 mutant. The lower temperature had no effect on the length of the extension zone in the Rht3 mutant itself, which was the same at 10 °C as at 20 °C (Fig. 2) . Reducing the growth temperature to 10°C in the rht3 wild type, therefore, reduced both the total length of the extension zone and the maximum REGR achieved within it. In contrast, in the Rht3 mutant the lower temperature Distance from leaf base (mm) Fig. 2 . Spatial distribution of REGR in leaf 2 of rht3 (wild type) and Rht3 (dwarf) wheat grown at 20X or 10°C Plants were sampled around day 9 and day 18 from sowing at 20 °C and 10°C, respectively. Each point is the mean of 27 measurements. Data for plants grown at 20 °C from Tonkinson et al. (1995) .
reduced only the maximum growth rate, but not the distribution of growth rate within the extension zone. Conversely, the Rht3 mutant could be described as being unable to respond to an increase in temperature by an increase in the length of its extension zone. The smaller size of the extension zone in the rhti wild type at 10 °C was associated with a decrease in final cell length compared to plants grown at 20 °C but not a reduction in cell number (Table 2) . Neither cell length nor cell number were reduced at the lower temperature in the Rht3 mutant (Table 2) .
When grown at 10°C but treated with GA 3 , the length of L2 of the rht3 wild type doubled and was restored to near that of untreated plants at 20 °C (Table 3) . This was achieved not by an increase in maximum REGR within the extension zone, but by increasing the length of the extension zone beyond the point at which maximum REGR was reached (Fig. 3B) . The effect of paclobutrazol on the growth of the rht3 wild type at 10 °C was similar to that at 20 °C. It decreased the length of the extension zone while having little effect on the maximum REGR such that final leaf length was reduced by about 30% ( Fig. 3; Table 3 ). Gibberellin increased the length of the extension zone beyond the point at which maximum REGR was reached in wild type plants grown at 20 °C (Fig. 3A) , as shown previously (Tonkinson et al., 1995) , and completely reversed the inhibitory effects of paclobutrazol (Fig. 3A) .
The effect of lowering the growth temperature was therefore 2-fold: in both genotypes a general reduction in the maximum REGR and specifically in the rht3 wild type a decrease in length of the extension zone, beyond the REGR maximum, which could be reversed at low Tonkinson et al. (1995) . 284.3 (3.6) 143.6 (6.7) 281.9(7.6)"* 76.3 (3.9)*** * = Difference from untreated 10°C control significant at P<0.001.
•r O.M- . Plants grown at 20 °C were treated with 5 ^M GA 3 or 25,35-paclobutrazol (paclo), or GA 3 plus paclo (5 ^M each) and sampled around day 9, the period of maximum rate of extension of leaf 2. Plants grown at 10°C were treated with 10fiM GA 3 and 10fiM paclo and sampled around day 18. Each point is the mean of 27 measurements.
temperature by the application of GA 3 . This reduction in the length of the extension zone in the untreated rht3 wild type at 10°C was similar to the effect of the Rht3 alleleat20°C.
Concentrations of endogenous gibberellins
In order to aid interpretation of results obtained from the responses of wheat seedlings to applied growth regulators, the steady-state pool sizes of endogenous GAs were measured in the extension zone of L2 at 50% final length, around the time of maximum rate of leaf extension. At low concentrations (<5 /xM), 2S T ,3S-paclobutrazol is a specific inhibitor of GA biosynthesis in wheat shoots (Lenton et ai, 1994) . As expected, paclobutrazol caused significant reductions in GAs of the main early 13-hydroxylation pathway (GA 19 ->GA 20 -•GA!->GA 8 ) in rht3 wild-type seedlings grown at 20 °C for 9 d (Table 4 ). In general, there was a linear decrease in GA concentration for a logarithmic increase in paclobutrazol dose, as observed previously (Lenton et al., 1994) . The concentrations of bioactive GA, and GA 3 were reduced to very low levels in the extension zone of L2 of plants treated with 3/xM 2S,3S-paclobutrazol (Table 4) . Since treatment of wild-type plants with 3 fiM paclobutrazol decreased the final length of L2 by 42%, compared with untreated controls, and those that were treated with 5 /xM paclobutrazol also continue growth (Fig. 3A) , these results are consistent with there being GA-dependent, as well as a possible GA-independent component of growth in wheat leaves (Tonkinson et al., 1995) . Analysis of GAs in the extension zone of L2 of rht3 wild-type seedlings grown at both 10 °C and 20 °C showed that temperature had little effect on the concentrations of endogenous GAs (Table 5 ) despite large differences in maximum REGR and length of the extension zone (Fig. 2) at these temperatures. A more detailed examination of GAs through the extension zone showed that GA, and GA 3 concentrations in the region of increasing REGR, 0-10 mm, were roughly twice those in the region of declining REGR, 10-20 mm from the leaf base (Table 6 ; Fig. 2 ). There was a further decline in GA concentration in the most distal segment of the extension zone of plants grown at 20 °C and similar concentrations were found in the comparable segment which is beyond the region of the extension zone in plants grown at 10 °C. These differences in GA concentrations contrasted with a relatively constant concentration of abscisic acid (ABA) in different segments, although the ABA concentration was greater in plants grown at the cooler than the warmer temperature (Table 6 ). Compared to the rht3 wild type, large amounts of GA, and GA 3 accumulated, and the levels of GA 19 declined, in the extension zone of L2 of the GA-insensitive Rht3 mutant (Table 5 ); these differences were more marked at 20 °C than at 10°C. There was no evidence that changes in endogenous GAs were associated with temperatureinduced changes in leaf extension in either genotype. Indeed, despite the non-responsiveness of the Rht3 mutant to increased temperature (Fig. 2) there was an increase in GA, and GA 3 in the extension zone of its L2 (Table 5) .
Discussion
In wild-type (rht3) wheat leaves, the effect of lowering the growth temperature to 10 °C is to reduce cell extension and produce a phenocopy of the effects of the Rht3 allele. This is consistent with the observations that the extension zone is the site of temperature perception within the graminaceous leaf (Watts, 1974; Peacock, 1975; Thomas and Stoddart, 1984; Stoddart and Lloyd, 1986) . The phenotype and growth characteristics of the Rht3 mutant are as though it were continually growing at low temperature (10°C) even when it is placed at 20°C (Table 1 ; Appleford and Lenton, 1991) . It does not respond to an increase in the growth temperature by an increase in the length of the extension zone, as does the rht3 wild type (Fig. 2) . However, it responds in the same way as the rht3 wild type as far as the maximum rates of growth are concerned, these being doubled by the 10°C increase in temperature from 10°C to 20 °C, and this is consistent with a Q l0 °f about 2 for metabolism in general. The Rht3 allele can, therefore, be regarded as one that confers insensitivity to increasing temperature and, to applied gibberellin, with respect to the processes promoting the cessation of cellular elongation.
The doubling of the maximum REGR in the Rht3 mutant, as in the rht3 wild type, by increasing the growth temperature by 10°C, together with the observation that GA does not affect maximum REGR in the wild type grown at 10°C, suggests that the increase in REGR as cells enter the extension zone, and the maximum REGR attained, are not regulated by gibberellin in either genotype. Only the phase of decreasing REGR is affected by gibberellin. GA may function as a stimulus for continued cell extension by delaying cell maturation events. In the Rht3 mutant, where gibberellin responsiveness is blocked nearly completely, the length of the extension zone and the final length of the cells are smaller and, consequently, the overall rate of L2 elongation and final L2 length are reduced. The effect of paclobutrazol in decreasing the size of the extension zone in the Rht3 mutant supports the view that some gibberellin may, nevertheless, still have a role in this genotype. The small reduction in cell number per leaf file in both genotypes treated with paclobutrazol (Tonkinson et al., 1995) suggests that gibberellin may also be affecting cell production in the meristem in the Rht3 mutant as well as in the rlu3 wild type. Gibberellins have been shown to increase cell growth and rates of division in the meristem of rice {Oryza sativa) internodes (Sauter and Kende, 1992) . Alternatively, the reduction of cell number by paclobutrazol in both wheat genotypes may have resulted from non-specific interference with sterol metabolism, which may be required for some cell divisions, rather than a direct consequence of reduced GA production within the meristem (Lenton et al., 1994) . Since the Rht3 mutant also responded to added gibberellic acid by a stimulation of phenolic metabolism (unpublished data), the Rht3 allele can be said to be insensitive to gibberellin only with respect to the maintenance of cell extension. The insensitivity is therefore presumably due to a lesion in part of the gibberellin signal transduction pathway. It has been argued previously that blocking GA action may also derepress GA-20 oxidase activity and account for the elevated GA, content in Rht3 seedlings (Table 5 ; Appleford and Lenton, 1991) . In addition to causing a cessation of cell expansion and an accumulation of bioactive GAs, the potent Rht3 allele also blocks GA-responsiveness in non-expanding aleurone tissue (Ho et al., 1981; Flintham and Gale, 1982) . Such a pleiotropic response seems to rule out the possibility that the Rht3 gene product specifically hastens the cessation of cell extension and lends support to the view that it may cause a lesion at one of the early common steps in the normal GA response-signal transduction pathway (Bleecker, 1992) .
On the other hand, there is increasing evidence that Rht wheats are capable of responding to GA 3 in terms of cell extension, although only up to the limit imposed by the specific Rht allele and the growing temperature (Lenton et al., 1987; Pinthus et al., 1989) . Even Rht3 wheat (Lenton et al., 1994) , as well as Dwarf8 and Dwarf9 maize (Winkler and Freeling, 1994) , retain a capacity to respond to GA 3 if pretreated with the GA biosynthesis inhibitor, paclobutrazol. These results suggest that Rht wheats contain a functional GA-response pathway and that the Rht gene product blocks some other process that affects the response capacity of the tissues to GA. Moreover, the expression of this product appears to be more effective at warmer than at cooler temperature both in terms of observed shoot phenotype (Table 1 ) and the extent of post-germinative a-amylase production (Lenton and Appleford, 1993) .
The relative importance of endogenous concentrations of plant growth substances and tissue sensitivity in determining the magnitude of a response has been debated vigorously (Trewavas, 1981 (Trewavas, , 1991 Firn, 1986; Weyers et al., 1987) . A recent model proposes that a variable sensitivity threshold for individual cells and hormone concentration are determinants of the timing of developmental events (Bradford and Trewavas, 1994) . The present results support the concept that gibberellin is essential for normal leaf extension, in excess of that found in the paclobutrazol-treated tissues (Table 4 ; Tonkinson et al., 1995) , but that growth up to that value may be largely independent of gibberellin. However, the exact relationship between the concentrations of GA, and GA 3 (thought to be the principal active growth promoting gibberellins) and sensitivity thresholds in determining L2 growth remains unclear. In L2 of the rht3 wild type grown at 10°C the maximum REGR achieved within the extension zone was reduced by 60% compared to the maximum REGR at 20 °C (Table 3) while the concentrations of GA, and GA 3 remained the same within the extension zone as a whole (Table 5 ) and within different regions of the extension zone (Table 6) . Clearly, there is tight regulation of the concentration of bioactive GAs in the leaf extension zone that is independent of leaf growth rates, as shown previously (Appleford and Lenton, 1991) . Since it has been argued that GAs do not affect either the processes within the extension zone up to the point of maximum REGR or the magnitude of maximum REGR at different temperatures, and the concentration of GAs is similar in the region of decreasing REGR (Table 6) , it is assumed that a decrease in GA-sensitivity threshold accounts for the increase in size of the extension zone of the wild type at the warmer temperature (Fig. 2) . Such a conclusion is compatible with previous observations on GA-temperature responsiveness in wheat leaves (Stoddart and Lloyd, 1986) .
Interestingly, in the Rht3 mutant grown at 10 °C the concentration of GA, decreased and the concentration of GA 19 increased in leaf 2 extension zone (Table 5) , as shown previously for less well-defined basal leaf segments (Appleford and Lenton, 1991) , so that it became more like the rht3 wild type than it was at 20 °C. Thus, in terms of similarity to the phenotype of the rht3 wild type, the Rht3 mutant is more normal at 10 °C than it is at 20 °C, and because it is unable to increase the size of the extension zone in response to increasing temperature (Fig. 2) , despite elevated levels of biologically active GAs (Table 5) , it might equally well be described as a temperature-insensitive, as well as a GA-insensitive, mutant. Near-isogenic lines of wheat carrying different combinations of the Rhtl and Rht2 semi-dwarfing alleles showed that genotypes which were responsive to increasing temperature were also responsive to applied gibberellin (Pinthus et al., 1989) . The present work suggests that GA involvement may be more related to changes in sensitivity thresholds and specifically to the growthregulating processes that act to limit growth rather than with growth-promoting processes or with the general regulation of the rate of metabolism when temperature is changed.
